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SUMMARY 
An invest igat ion was conducted t o  determine the  performance 
charac te r i s t i cs  of t he  axial-flow supersonic compressor of the  
XJ55-FF-1 tu rbo je t  engine. An analysis  of the  performance of the  
r o t o r  was made based on deta i led flow measurements behind t he  
ro tor .  
The comyressor apparently did  not obtain t he  design normal- 
shock configuration i n  t h i s  invest igat ion.  A large  red i s t r ibu t ion  
of mass occurred toward the  root  of the  ro to r  over the  en t i r e  
speed range; t h i s  condition was s o  acute a t  design speed t h a t  the  
t i p  sections were completely inoperative. The passage pressure 
recovery a t  maximm pressure r a t i o  at  1614 f e e t  per second varied 
from a maximum of 0,81 near the  root  t o  0.53 near the  t i p ,  which 
indicated very poor eff ic iency of the  flow process through t he  
ro to r .  The r e su l t s ,  however, indicated t h a t  the  desired supersonic 
operation may be obtained by decreasing the  e f fec t ive  contraction 
r a t i o  of the  ro to r  blade passage. 
INTRODUCTION 
A t  the  request of t he  A i r  Materiel Command, U.S. A i r  Force, 
the  NACA Lewis laboratory i s  conducting an invest igat ion of the  
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performance charac te r i s t i cs  of the  ax i a l  -f low supersonic compressor 
of t he  XT55-FF-1 tu rbo je t  engine. The compressor i n s t a l l a t i on  
consis ts  of a row of i n l e t  guide vanes and a supersonic ro to r  
( f i g  1) The performance of the  i n l e t  guide vanes a s  a separate 
component is presented i n  reference 1 and the  over-all  performance 
of the  compressor i s  presented i n  references 2 and 3. Reference 3 
indicates  t h a t  the  design-shock configuration was not obtained, but 
does not suggest possible reasons f o r  t h i s  departure from design 
operat ion. 
An analysis  based on a r ad i a l  survey 3/4 inch downstream of the 
t r a i l i n g  edge of t he  ro to r  w a s  therefore made i n  order t o  obtain 
some ins ight  i n t o  the  flow processes i n  the ro to r  and t o  provide a 
means of determining the reasons f o r  the  divergence from design 
performance. The r e su l t s  of the  analysis  of these survey data  and 
calculated entrance conditions a r e  presented herein as well a s  sug- 
gested methods f o r  improving the  compressor performance, 
During the  present investigation,  damage was incurred t o  the  
leading edges of the  ro tor  blades (described i n  reference 3 ) ,  which 
necessi tated ref inishing t he  blades. Data presented herein were 
obtained both before the  damage and a f t e r  the  f i r s t  reworking of 
the  blades and, a s  pointed out i n  reference 3, a re  a r e l i ab l e  
representation of the  undamaged compressor. 
The instrumentation, the  apparatus, and the  general t e s t  pro- 
cedure used i n  t h i s  invest igat ion are described i n  reference 3. 
A schematic drawing of the  compressor i n s t a l l a t i o n  is shown i n  
f igure  2 .  
SYMBOLS 
The following symbols a re  used i n  t h i s  repor t :  
Cr contraction r a t i o ,  r a t i o  of entrance t o  minimum area where 
entrance area  i s  taken as area  from leading edge of one 
blade t o  surface of next blade normal t o  flow path 
M absolute Mach number, r a t i o  of absolute a i r  veloci ty  t o  
l oca l  velocity of sound 
M' . r e l a t i ve  Mach number, r a t i o  of a i r  velocity r e l a t i ve  t o  
ro to r  t o  l oca l  velocity of sound 
n ro to r  speed, ( rp s )  
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P t o t a l  o r  stagnation pressure, ( lb/sq f t )  
P ' t o t a l  o r  stagnation pressure of air  r e l a t i ve  t o  rotor ,  
( lb/sq f t )  
P s t a t i c  or  stream pressure, ( lb/sq f t )  
r compressor radius,  ( f t )  
T t o t a l  or  stagnation temperature, ( O R )  
t s t a t i c  or  stream temperature, (%) 
U velocity of r o to r  a t  radius r, 211rn, ( f t / sec )  
W weight flow, ( lb /sec)  
a, angle between compressor ax i s  and t r a i l i n g  blade surface a t  
leading edge, (deg) 
B angle between compressor ax i s  and absolute a i r  d i rec t ion  (deg) 
B ' angle between compressor ax i s  and a i r  d i rec t ion  r e l a t i ve  t o  
rotor ,  (deg) 
7 r a t i o  of spec i f i c  heats f o r  normal a i r ,  1,40 
5 r a t i o  of ac tua l  i n l e t  pressure t o  standard sea-level pressure, 
P1/2116 
adiabat ic  efficiency,  
yl 1 (p5/p1) - 1.01 
Tad 
T5 - T1 
8 r a t i o  of actual  i n l e t  s tagnation temperature t o  s t a d a r d  
sea- level  temperature, ~ ~ / 5 1 8 . 4  
e CP angle between compressor ax i s  and t he  average between lead- 
i n g  and t r a i l i n g  surfaces of blades a t  r o to r  ex i t ,  (deg) 
1 compressor entrance (depression tank) 
2 ro to r  entrance 
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5 ro to r  e x i t  
z ax i a l  component 
0 tangent i a l  component 
PROCEDURE 
The analysis  of t he  flow processes i n  the  ro tor  was based on a 
de ta i l ed  r ad i a l  survey 3/4 inch downstream of the  ro to r  and on 
calculated r a d i a l  d i s t r i bu t i on  a t  the ro to r  entrance. 
Rotor-entrance conditions were calculated on the  basis  of s t a t i c -  
pressure readings of wall taps  located on the  inner and outer housing 
immediately upstream of t he  ro tor  leading edge. A l i n e a r  var ia t ion  i n  
s t a t i c  pressure was assumed between root and t i p .  The t o t a l  pressure 
a s  measured a t  the  compressor i n l e t ,  l e s s  an assumed 1-percent l o s s  
through the  guide vanes (reference l ) ,  was used i n  the  calcula t ions .  
Because there was only a lo varia t ion i n  the  guide-vane turning angle 
with ~ach 'number  (reference l),  average turning angles were used i n  
calculating entrance conditions r e l a t i ve  t o  the  rotor .  
Absolute and r e l a t i ve  ve loc i t i es  and angles a t  the  ro to r  e x i t  
were calculated from the  d i r ec t  measurement of t o t a l  pressure P5, 
s t a t i c  pressure p5, flow angle P5, ro ta t iona l  velocity U, and 
t o t a l  temperature T5. The general re la t ions  used t o  calcula te  
entrance and e x i t  conditions are :  
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rnSULTS 
Over-All Performance 
The over-a l l  performance charac te r i s t i c s  of the  supersonic 
compressor of the  XJ55-FF-1 engine a re  shown i n  f igure  3. These 
data  a r e  presented and discussed i n  d e t a i l  i n  reference 3. 
Performance a t  Maximum Pressure Ratio a t  Design Speed 
The ent,rance conditions r e l a t i ve  t o  the  r o t o r  a t  maximum pressure 
r a t i o  at an equivalent t i p  speed of 1614 f e e t  per second a r e  shown 
i n  f igure  4 .  The d i s t r i bu t i on  of r e l a t i ve  entrance-air  angle $ I 2  
anil r e l a t i ve  entrance Mach number 
M I 2  
across the  annulus is  shorn 
a s  calculated from wall s t a t  l c  -pressure readings. The r e l a t i v e  
entrance Mach number i s  15  percent lower than design a t  the root  
and 7 percent lower a t  the  t i p  ( f i g .  4 (a )  ) , This low entrance Mach 
number r e s u l t s  i n  an  appreciable posi t ive  angle of a t tack,  ranging, 
from 6' t o  7O across the blade span, as shown by the di f ference 
between the r e l a t i ve  a i r  angle P I 2  and blade angle a ( f i g .  4 (b ) )  . 
( ~ n g l e  of a t  tack i s  defined as t he  di f ference between the r e l a t i v e  
entrance a i r  angle p2 and the  blade angle a shown i n  f i g .  5 , )  
The design provides a 3' pos i t ive  angle of a t t ack  a t  the  root  and a 
3' negative angle of a t t a ck  a t  the t i p  (reference 4) . It is apparent 
t h a t  t h i s  design standing-wave pa t t e rn  was not obtained, as t he  
calculated entrance conditions indicate  t ha t  a 60 t o  7O posit ive 
angle of a t t ack  exis ted  along the  en t i r e  span. 
The maximum compressor t o t a l  -pressure r a t i o  p5/p1, obtained 
at  an  equivalent t i p  speed of 1614 f e e t  per second, is  plot ted  as a 
function of radius i n  f igure  6. This curve shows t h a t  the  highest 
pressure r a t i o  is  obtained near t he  root  and f a l l s  off sharply toward 
the  t i p ,  
The a x i a l  component of the measured e x i t  and calculated entrance 
Mach number i s  snown i n  f igure  7 .  Measured a x i a l  e x i t  veloci ty  
va r ies  considerably from root  t o  t i p ,  ac tua l ly  diminishing t o  zero a t  
the t i p ;  t h i s  d i s t r i bu t i on  shows a considerable va r ia t ion  from the  
design. Comparison of the  entrance and e x i t  curves indicates  a l a rge  
r ed i s t r i bu t i on  of mass flow toward t he  root  of the  blades.  The a x i a l  
veloci ty  a t  the  ou t l e t  of the  guide vanes, presented i n  reference 1, 
i s  not i n  complete agreement with the  calculated a x i a l  v e l o ~ i t y  
( f i g .  7 ) ,  but considering the  a x i a l  ve loc i t i e s  from reference 1, an  
even l a r g e r  r ed i s t r i bu t i on  through the  ro to r  would be indicated.  
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A plot  of r e l a t i ve  e x i t  Mach number and r e l a t i ve  e x i t - a i r  angles 
f o r  a n  equivalent t i p  speed of 1614 f e e t  per second is  shown i n  f i g -  
ure 8, along with the  design r e l a t i v e  e x i t  Mach number and mean blade 
angle. Figure 8 shows extremely high Mach numbers near the  root ,  
decreasing toward the  t i p ,  and r e l a t i ve  e x i t - a i r  angles reaching 9Q3 
a t  t he  t i p .  With the  absolute e x i t - a i r  angles near 90O, the  a i r  a t  
t he  t i p  w i l l  t r a v e l  a ' ,considerable distance around the  outer  hous- 
ing before reaching the  survey instrument; thus f r i c t i o n  w i l l  reduce 
the  absolute veloci ty  well below the  ro t a t i on  speed of the wheel. 
The resu l t an t  r e l a t i ve  e x i t  veloci ty  i s  therefore  large,  with an 
a x i a l  velocity near zero and a r e l a t i ve  e x i t - a i r  angle approach- 
ing 90'. 
The passage pressure recovery Pf5 /Pf2  is  plotted a s  a function 
of t o t a l  weight flow i n  f igure  9. The pressure recovery i n  e f f ec t  
represents the  flow eff ic iency between s t a t i ons  2 and 5. Due t o  the  
l a rge  e x i t - a i r  awl-es,  the a i r  may, t r a v e l  several  inches between the 
r o t o r  e x i t  and the  survey instrument downstream of the wheel; the 
recovery presented th.rrefore contains losses  o ther  than those incurred 
I n  the  ro to r  passage. Figure 9 shows t h a t  the recovery varies from 
approximately 80 percent near the  root  t o  55 percent near the  t i p ,  
and provides evidence of a very i ne f f i c i en t  flow process. 
Performance at  Maximum Pressure Ratio over Range of Tip Speeds 
Entrance conditions r e l a t i ve  t o  the r o t o r  a t  maximum pressure 
r a t i o  and equivalent t i p  speeds of 801, 1204, and 1514 f e e t  per sec- 
ond a r e  shown i n  f igure  10.  The r e l a t i ve  entrance-air  angle, blade 
angle, and the subsequent posit ive angle of a t t ack  a re  shown i n  t h i s  
f igure .  The angle of a t t ack  decreases 1/2O a t  the root t o  lo a t  the 
t i p  a s  the  equivalent t i p  speed is  increased from 801 t o  1614 f e e t  
per second. Relat ive e x i t  Mach number plot ted  a s  a function of the  
radius f o r  equivalent t i p  speeds of 801, 1204, and 1614 f e e t  per 
second are  shown I n  f igure  3.1, The e x i t  Mach nzmber f a l l s  off from 
root  t o  t i p  throughout the speed range, resu l t ing  i n  a d i s t r i bu t i on  
t h a t  departs  appreciably from design. The d i s t r i bu t i on  o? e x i t  
Mach number remains e s s en t i a l l y  the  same over the speed range. 
The r e l a t i ve  e x i t - a i r  angle P I 5  i s  p lot ted  as  a function of 
rzdlus f o r  equivalent t i p  speeds of 801, 1204, and 1614 f e e t  per 
second i n  f lgure  12. A s  the  speed increases the  e x i t - a i r  angle 
increases a t  sny given radius.  A t  301 f e e t  Fer second, the  r e l a t i ve  
a i r  angle c losely  approximates the  m a n  blade angle 9 ( f i g .  5) from 
the ro? t  t o  the pi tch  radius,  but diverges shzrply from the pi tch  
red.ius t o  the  t i p .  A s  t h s  s p e d  i s  increased, the e i r  angle a t  the 
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root  increases and the point a t  which the slope of the  curve breaks 
away from the  mean blade angle is c lose r  t o  the  root .  Relat ive e x i t -  
a ir  angles a t  the  t i p  a r e  excessive at a l l  speeds. This extreme d i s -  
t r i b u t i o n  would create  a considerable problem of recovering the  energy 
i n  t he  s t a t o r  blades. 
Performance at 1396 Feet Per  Second over Range of Pressure Ratios 
The entrance conditions r e l a t i ve  t o  the  ro to r ,  p lot ted  as a 
function of radius f o r  various pressure r a t i o s  a t  an equivalent t i p  
speed of 1396 f e e t  per second, a r e  shown i n  f igure  13. Fromthese 
curves it can be seen t h a t  the  entrance conditions do not change 
mater ia l ly  over the  range of pressure r a t i o s  investigated.  The angle 
of a t t ack  and the  entrance Mach number remain e s sen t i a l l y  constant 
with pressure r a t i o  at  t h i s  speed and the re  i s  a n  ins ign i f i can t  va r i -  
a t i on  of angl-e of a t t ack  with radius .  The r e l a t i v e  entrance Mach 
number a l s o  remains e s s en t i a l l y  constant from root  t o  t i p .  
Total-pressure r a t i o ,  r e l a t i ve  e x i t  Mach number, and r e l a t i v e  
e x i t  - a i r  angle a r e  p lot ted  as functions of radius  f o r  a range of 
pressure r a t i o s  i n  f igures  14, 15, and 16, respect ively .  The t rend 
of f a l l i n g  pressure r a t i o  from root  t o  t i p  i s  p ~ e v a l e n t  at a l l  pres- 
sure r a t i o s ;  however, the  r ad i a l  d i s t r i bu t i on  does improve with 
increasing pressure r a t i o .  
Increasing pressure ra. t io has no apparent e f f ec t  on the  r e l a t i ve  
e x i t  Mach number d i s t r i bu t i on .  The Mach numbers are high near the  
root ,  decreasing sharply toward t he  t i p ;  and r e l a t i ve  exit-angle d i s -  
t r i b u t i o n  remains e s s en t i a l l y  constant over the  pressure-ra t io  range, 
Excessively high angles were experienced a t  the  t i p  at  a l l  pressure 
r a t i o s  . 
DISCUSSION 
Theoretical  operation. - A t  low speeds where the  r e l a t i v e  i n l e t  
veloci ty  is  subsonic, the  t heo re t i c a l  operation of t h i s  type of 
compressor is comparable t o  t h a t  of the  subsonic axial-flow 
compressor. A t  r e l a t i v e  entrance Mach numbers s l i g h t l y  over 1.0,a 
detached bow wave i s  formed, which becomes stronger and more near ly  
at tached t o  the  leading edges of the  blades a s  the  speed i s  increased. 
Final ly ,  when the  design supersonic operation i s  reached, the  bow 
waves become attached,  and the  passage-contained normal-shock con- 
f igura t ion  i s  establlslied. 
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If the compressor does not a t t a i n  design supersonic operation, 
t ha t  is, a rotor-contained normal shock, poor eff ic iency of t h e  flow 
process would be expected. It i s  l i k e l y  t h a t  i f  the  compressor f a i l s  
t o  a t t a i n  t h i s  condition of supersonic operation, hereinaf ter  referred 
t o  a s  "start ing'( ,  the  resul tant  shock configuration w i l l  be i n  the  
form of a strong detached bow wave. With such a shock configuration, 
the  eff ic iency would be expected t o  f a l l  off as the  speed is  increased 
through the  supersonic range, r a the r  than remaining e s sen t i a l l y  con- 
s t an t .  The f a i l u r e  of the  compressor t o  start is  evident from the  
r e s t r i c t i o n  of the  flow (reference 3) . 
With a variable back pressure, the  f a i l u r e  of a compressor of 
t h i s  type t o  start can generally be a t t r i bu t ed  t o  one o r  more of the 
following reasons : 
(1 )  Too large  a wedge angle; t h a t  is, too  large  an angle 
between dr iving and t r a i l i n g  surfaces a t  the  leading edge 
( 2 )  Too high a contraction r a t i o  Cr f o r  the  r e l a t i ve  
entrance Mach number 
(3 )  Boundary-layer build-up along the  inner and outer shrouds 
and on the  blade surface, which e f fec t ive ly  reduces the  minimum area  
Boundary-layer growth would cause the  e f fec t ive  contraction r a t i o  t o  
be subs tan t ia l ly  l a r g e r  than the  geometric contraction r a t i o .  
Actual operation. - Examination of the data  indicates t h a t  t h i s  
compressor did not a t t a i n  design supersonic operation a t  an equivalent 
t i p  speed of 1614 f e e t  per second, A continual decrease i n  e f f i -  
ciency with increasing speed ( f i g ,  3 ) ,  along with the  exceedingly 
poor eff ic iency a t ta ined a t  high speed, o f fe r  strong indicat ion 
of t he  f a i l u r e  of t he  compressor t o  obtain the  design-shock con- 
f igurat ion.  Further indicat ion of the  fai l-ure of t h i s  compressor 
t o  start i a  t he  equivalent weight flow measured at  1614 f e e t  per 
second, which was 17.5 percent below design. I n  the  supersonic- 
compressor invest igat ion described i n  reference 5, angles of a t t ack  
were from 6' t o  lo0, decreasing t o  2' when supersonic operation was 
a t ta ined .  A comparison of the angles of a t t a ck  obtained i n  t h i s  
invest igat ion with those presented i n  reference 5 fu r ther  indicates  
t h a t  supersonic operation was not reached. 
The wedge angles used i n  t h i s  design a re  suf f ic ienc t ly  small t o  
allow s t a r t l n g  a t  the  design Mach number. The geometric contraction 
r a t i o  is  small enough t o  allow t h e  compressor t o  s t a r t .  It seems 
probable, however, t ha t  t he  boundary-layer build-up along the shrouds 
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and t he  blades would be suf f ic ien t  t o  create  an e f fec t ive  con- 
t r a c t i o n  r a t i o  too  large  t o  allow s t a r t i n g  a t  t he  design r e l a t i ve  
entrance Mach number. It is  therefore probable t h a t  t he  primary 
cause of the  poor performance of t h e  compressor investigated i s  too 
high an  e f fec t ive  contraction r a t i o .  
A s  previously shown, a t  design speed the  concentration of 
mass and the  g rea te r  pressure r i s e  produced a t  t he  root ,  along with 
the  extremely low pressure recovery a t  t he  t i p ,  indicate c l ea r ly  
t h a t  t he  g rea te r  port ion of useful  work is being done near t he  hub 
of the  compressor. The air  a t  the  t i p  is  e s sen t i a l l y  ro ta t ing  with 
the  blades, having only a small component of a x i d  velocity; thus 
t he  t i p  sections a r e  essen t ia l ly  inoperative.  As pointed out i n  
reference 5, i n  order t o  obtain sa t i s fac tory  performance of t he  
supersonic compressor operating a t  nearly maximum contraction r a t i o ,  
the  e n t i r e  passage mst be effect ive;  a r e l a t i ve ly  small reduction 
i n  e f fec t ive  paess.ge a rea  r e s u l t s  i n  a large  reduction i n  
performance . 
Several possible explanations ex i s t  f o r  t he  concentration of 
low-momentum a i r  a t  the  t i p .  It i s  probable t h a t  one of the  p r i -  
mary causes i s  an excessive boundary-layer co l lec t ion  along the  
outer shroud. The pressure gradient over the  ro to r  is such t h a t  
separation of the  heavy boundary layer  i s  l i k e l y .  Another possible 
explanation i s  t he  centrifuging of t he  separated boundary l aye r  
from the  subsonic port ion of t he  blade passage, because the  design 
subsonic d i f fus ion  r a t e  i s  su f f i c i en t l y  large  t o  make separation 
probable, 
Method of obtaining supersonic operation. - As previously 
pointed out, the  primary f ac to r  r e s t r i c t i n g  t he  s t a r t i n g  of the  
supersonic compressor i s  the  high e f fec t ive  contraction r a t i o .  
I n  order t o  obtain supersonic operation of t h i s  compressor, t he  
e f fec t ive  contraction r a t i o  must therefore  be reduced. A sub- 
s t a n t i a l  improvement i n  the  performance would be expected i f  the  
compressor could be made t o  start. It has been found t h a t  t he  
s t a r t i n g  charac te r i s t i cs  of the  supersonic compressor are  very 
c r i t i c a l  and only a small change i n  contraction r a t i o  m y  be 
required when operation is marginal. 
One method of reducing the  contraction on t h i s  compressor 
would involve revision of the  outer  r o to r  housing. Modification 
of t he  housing t o  provide a cyl indr ical  surface would increase the  
three-dimensional a rea  a t  the minimum section,  thus lowering the  
passage contraction r a t i o .  
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A second method of e f fec t ive ly  decreasing the  contraction r a t i o  
would be removal of mass a t  the  minimum section.  Removal of the  
, stagnant air by bleedoff through the  s ta t ionary  outer  casing would 
3 
2 increase the  e f fec t ive  minimum area ,  thus  a iding shock entry .  
S m Y  OF RESULTS 
The following r e s u l t s  were obtained from the analys is  of r e s u l t s  
of t h e  invest igat ion of the  supersonic compressor of the XJ55-FT-1 
tu rbo je t  engine : 
1. The compressor apparently d id  not a t t a i n  supersonic operation 
at  a n  equivalent t i p  speed of 1614 f e e t  per second, The r e su l t s ,  
however, indicated t h a t  the  desired operation may be obtained by 
decreasing the  e f fec t ive  contraction r a t i o  of the  r o t o r  blade passage. 
2. A la rge  r ed i s t r i bu t i on  of mass flow occurred toward the  root  
of t he  r o t o r  over the  e n t i r e  speed range. The condition was so  acute 
a t  design speed t h a t  the  passage near the  tip' was e s sen t i a l l y  
inoperative.  
W 3. Relative e x i t  -air angles ranged from approximately 40' a t  
the  root  t o  90' a t  the  t i p  a t  m a x i m  pressure r a t i o  and an  equivalent 
t i p  speed of 1614 f e e t  per second. This extreme d i s t r i bu t i on  would 
create  a considerable problem i n  the  s t a t o r  blades. 
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4 .  The passage pressure recovery a t  maximum p r e ~ s u r e  r a t i o  
varied from a maximm of 0,81 at the  root  t o  0.53 near the t i p  a t  
an equivalent t i p  speed of 1614 f e e t  per second, which indicated a 
very poor eff ic iency of the  flow process. 
Lewis Fl ight  Propulsion Laboratory, 
National Advisory Committee f o r  Aeronautics, 
Cleveland, Ohio, August 25, 1949. 
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Figure 1. - Supereonic r o t o r  of XJ55-FF-1 turbojet  engine. 
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Figure 16. - V a r i a t i o n  o f  relative e x i t - a i r  angle 
w i t h  r a d i u s  at an equivalent t i p  speed o f  1396 
f e e t  p e r  second. 
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